ABSTRACT
I. INTRODUCTION
Diffusion is the spontaneous migration of particulate matter due to spatial gradient in concentration. The direction of the random motion of the diffusing species is down its gradient in a bid to adjust the imbalance in particle density. Thus, for a particular medium, the rate at which substances diffuse in or out of the system and its surrounding is dependent on the variability of parameters like concentration, pressure, temperature and density with change in distance and time. The dominance of diffusion and its principles have gained impetus in many technologies associated with separation, purification, redox reaction, ionic conductivity, solubility, catalysis, recrystallization, water softening, substitution, demineralization, corrosion and so on.
This paper presents the diffusion dynamics of Fe 2+ , Mn 2+ and Pb 2+ ions exchange at the CERRaqueous interface. Ion exchange is based on the principle of diffusion and is the stoichiometric chemical reaction in which the interchange of equivalent ions at the phase boundary is reversible [1] . Diffusion dynamics of ion exchange describes the gradient in chemical kinetics of the interchange of equivalent ions between the exchanging and exchangeable species at a given condition with time until the process attains the state of no net transfer of mass and energy at the interface.
In a given system, the steps that determine the diffusion dynamics of ion exchange process are the: (i) Migration of exchanging ions through the bulk solution to the boundary film surrounding the surface of the resin particles. (ii) Migration of exchanging ions from the boundary through the layer of film to the resin particles surface (film diffusion). (iii) Migration of exchanging ions from the resin surface to the intra-particle active sites (particle diffusion). (iv) Interchange of equivalent ions between the exchanging and the exchangeable species at the active internal surfaces of the resin particles (ion exchange). (v) Outward migration of exchanged ions from the particle interior to the surface of the resin particles (particle diffusion). (vi) Outward migration of exchanged ions from the resin surface to the boundary film surrounding the particles (film diffusion). (vii) Migration of exchanged ions from the boundary film into the bulk solution.
The steps (vii), (vi) and (v) are the reverse of steps (i), (ii) and (iii) respectively, suggesting mutual action of dominance between the film and particle diffusion mechanisms within a particular period in the exchange process. Earlier research reports emphasized that film diffusion could be ascribed the rate controlling mechanism, if uneven distribution of substance exist in the liquid film layer, coupled with prevalence of similar ionic composition throughout the exchanger. Conversely, if the concentration of ions in the exchanger is not equally proportioned, but uniformly spread within the film layer, then the condition is suggestive of particle diffusion as the rate limiting mechanism [2] .
The chief interest of this investigation is to deduce the mechanism underlying the diffusion dynamics of metal ion removal with the formulated resin. The findings will form the basis for planning and modifying the process to required scale in order to achieve greater efficiency in the retrieval of metal ions from metal contaminated effluents.
II. EXPERIMENTAL

Collection and Preparation of Sample
Bulbs of red onion were sourced from the fruit garden market in Port Harcourt, Nigeria for the purpose of this investigation. The papery outer layer was peeled from the onion bulb, washed with deionised water and air dried for 3 days. The air dried skin was ground with an electric milling machine, sieved to particle size of 150 µm and preserved in corked plastic container at 29 ºC.
Extraction Procedure
The extraction of 2940 g of 150 µm size red onion skin was performed using soxhlet extractor with acetone (BDH) as the extracting solvent. The solvent-extract mixture was transferred to rotor evaporator, and the extracted sample recovered by expelling acetone.
Spectroscopic Studies
The formulation of CERR was through the reaction of the extract with epichlorohydrin (Sigma Aldrich) and 4-hydroxybenzoic acid (Sigma Aldrich) [3, 4] . The characteristic functional groups present in the molecular structure of the extract and CERR samples were resolved using the Fourier Transform Infrared spectrometer (prestige 21 shimadzu) with potassium bromide pressed disc method in the frequency range of 4000 -400 cm -1 .
Preparation of Standard Solutions
The dissolution of 3.0785 g of MnSO 4 .H 2 O, 4.973 g of FeSO 4 .7H 2 O and 1.59 g of Pb(NO 3 ) 2 in distilled deionised water to obtain 1000 mg/l metal ion stock solutions were each prepared in 1litre volumetric flask. All reagents used were of analytical grade. Necessary dilution of the respective stock solutions was done to obtain 50 mg/l concentration of the metal ion solution.
Ion Exchange Study
The batch exchange experiments were carried out by placing 1g of CERR and 50 cm 3 of 50 mg/l metal (Mn 2+ / Fe 2+ / Pb 2+ ) ion solution into several conical flasks, then corked and shaken at the rate of 120 oscillations / min for different agitation times of 2 to 60 mins at 29 ºC. The resultant suspensions were centrifuged and filtered through glass wool. The clear filtrate was analysed using the Atomic Absorption Spectrophotometer (Perkin Elmer, Analyst 200) and the concentration of metal ion in the liquid phase was ascertained. Systematic batch experiments were conducted as described above for the metal ions at temperatures of 40, 50, 60 and 70°C.
III. RESULTS AND DISCUSSION
Spectroscopic Analysis
The Fourier Transform Infrared of the extract and CERR were recorded at the percentage transmittance in the frequency range of 4000 -400 cm -1 and depicted in Figs. 1 and 2 respectively. The functional group assignments for the absorption bands and their possible interpretation [5, 6] are presented in Table 1 . Spectra analyses display some differences in the absorption bands, apparently as a result of changes in the surface properties, emanating from the modification of the extract to yield CERR. The infrared spectrum of CERR (Fig. 2) showed a prominent peak at 1930 cm -1 , representing weak overtone and combination of aromatic C-H stretching bands which is characteristic of the substitution pattern of the ring. An obvious peak at 930 cm -1 in the CERR spectrum reflects the existence of intermolecular forces within the ring structure, arising from asymmetrical ring stretching in which the C-C bond is stretching during contraction of the C-O bond. Another pronounced peak at 495 cm -1 corresponds to C-C bending vibrations, due to bond interaction effects within the CERR molecular structure. The percentage transmittance for the infrared spectrum of the extract is relatively higher than that of CERR, indicating the influence of substitution on the structural arrangement of the CERR molecule. Further examination reveals that this difference could be related to the variation in their dipole moments [7] , evidenced by changes in vibration, rotation, stretching or bending of bonds at specific frequencies of the energy in the infrared range studied. This also confirms the conversion of the extract to a new compound (CERR). The Synthesis of 4-(2,3-Epoxypropoxy) benzoic acid and proposed coupling of CERR are presented in Figs. 3 and 4 respectively. 
Diffusion Dynamics Study
Investigation into the values of the particle and film diffusion coefficients was performed by applying the time dependent data to Vermeulen diffusion models in Eqs. (1) and (2) where α (fractional attainment of equilibrium) is the metal ion exchanged at a particular time divided by that at equilibrium (Eq. 3) [9] ; C o, C t and C e are the metal ion concentration initially, at time, t (min) and equilibrium (mg/l) respectively; D p and D f are diffusion coefficients (m 2 /min) in the ion exchanger and film respectively, r p is the particle radius (m) and  is the film thickness (m). The film thickness, δ can be deduced from the fringing effect in Fig. 2 using Eq. (4) [10] : (4) where n is the refractive index of sample (1.362), N is the number of fringes within a given spectral region (4 in this case), υ 1 and υ 2 are the start and end points in the spectrum (1375 and 1165 cm Table 2 . The slope of the plots were deduced and represented as S p and S f for the particle and film diffusion respectively. Following Eqs. (1) and (2), S p and S f could be expressed as Eqs. (5) and (6) Table 2 for the metal ions. -12 m 2 /s range of coefficient values for particle diffusion and film diffusion respectively. The research team remarked that the ion exchange reaction was dominated by the model of particle diffusion and ascribed their findings to the influence of structural feature of the mordenite mineral fraction on the process [8] . Vinod and Anirudhan studied tannic acid sorption on zirconium pillared clay; and reported values within 10 -9 cm 2 /s and 10 -7 cm 2 /s for D p and D f respectively. They hinted that the process is not purely film diffusion controlled but involves particle diffusion in the latter stages [11] . The diffusivity values deduced in the biosorption of Cr (VI) ion by Aeromonas cavie decreased with increase in temperature from 20 to 60 °C, apparently due to the modification of surface geometry of the biomass at elevated temperatures [12] .
Also, the values of coefficient of determination (R 2 ) within the temperature range (Table 2) tested reflects a little difference between that of film and particle diffusion models, suggesting a complementary relationship between their mechanisms. However, the higher R 2 values for the film diffusion mechanism in all cases, is an evidence of its superior influence over that of particle diffusion on the exchange process. The reaction rate constants (k) at different temperatures were extrapolated from the slope of the straight line plots of ln (1 -α) against time and the values presented in Table 2 . The values of k decreased in the order: 29 > 40 > 50 > 60 > 70 °C, indicating that the rate of reaction is highest at 29 °C within the temperature range tested.
The temperature dependence of ion exchange rates was demonstrated by the linear behavior of the plot of ln k versus 1/T (Fig. 14) using the Arrhenius expression [14, 15] in Eq. (10) where A, Ea, R and T are the pre-exponential factor, activation energy, gas constant and temperature respectively. The values of Ea and A were computed from the slope and intercept of the plots, and presented in Table 3 . The Ea values represent the lowest amount of kinetic energy which is sufficient for effective interaction between the exchanging and exchangeable species in the systematic uptake of the metal ions. If the value of Ea is positive, it signifies that the rate constant is strongly temperature dependent; If Ea is zero, its rate is not dependent on temperature and if Ea is negative, it indicates that the rate is inversely proportional to temperature [16] .The negative values of Ea deduced in this study, therefore suggest that the exchange rate is most favored at 29 °C within the experimental temperatures.
The pre-exponential factor incorporates the frequency of molecular collision and geometric requirement for the orientation of the colliding molecules of the reactants [17] . The calculated values of A are in the order:
, which is in line with that of their ionic radii. This indicates that the smaller the metal ionic size, the more enhanced its diffusion to the active site with time, and the higher the probability of its proper spatial positioning to produce useful molecular impact at the moment of contact.
IV. CONCLUSION
The extract of red onion skin (a biodegradable agro waste) has been applied in the synthesis of cation exchange resin for the uptake of Mn 2+ , Fe 2+ and Pb 2+ ions from aqueous medium. The infrared spectroscopic examination of the red onion skin extract and CERR in the frequency range of 4000 to 400 cm -1 revealed some differences in their absorption bands, possibly due to the successful modification of extract to yield a new compound (CERR). The Vermeulen diffusion equations were used to study the diffusion dynamics of the exchange process at temperatures of 29 to 70 °C. The film diffusion exhibited smaller values of diffusion coefficients as compared to those of particle diffusion, and was therefore considered as the rate controlling mechanism. Application of the rate constants evaluated at temperatures of 29, 40, 50, 60 and 70 °C to the Arrhenius equation, resulted in Ea with negative values indicating that the exchange process is more favored at 29 °C. 
